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Abstract

Molecular dynamics simulations are carried out to analyze the process of solubilization of the armchair, metallic (10,10)

single-walled carbon nanotubes (SWCNTs) functionalized with poly(p-phenylenevinylene-co-2,5-dioctoxy-m-phenyleneviny-

lene) (PmPV-DOctOPV) polymer in toluene. Inter- and intra-molecular atomic interactions in the SWCNT þ PmPV-DOctOPV

þ toluene system are represented using condensed-phased optimized molecular potential for atomistic simulation studies

(COMPASS), the first ab initio forcefield that enables an accurate and simultaneous prediction of various gas-phase and

condensed-phase properties of organic and inorganic materials.

The results obtained shows that due a strong bonding between the SWCNTs and the PmPV-DOctOPV, a homogeneous toluene

suspension of the SWCNTs functionalized with PmPV-DOctOPV, obtained via processes such as the sonication, is stable and

can be used for separation of the SWCNT bundles into individual nanotubes.

# 2004 Elsevier B.V. All rights reserved.

PACS: 81.05.Tp (Fullerenes and related materials)
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1. Introduction

Since their discovery in 1991 [1], carbon nanotubes

have been investigated very aggressively because of a

unique combination of their mechanical, electrical, and

chemical properties. Depending on the fabrication

method used, carbon nanotubes appear either predomi-

nantly as single-walled carbon nanotubes (SWCNTs)

or as multi-walled carbon nanotubes (MWCNTs).

SWCNTs, predominantly produced in carbon ablation

and arc discharge processes, can be described as a

single graphene sheets rolled up into a cylinder with a

quasi-one-dimensional crystal structure. Depending on

their diameter and the spiral conformation (chirality),

SWCNTs can be either semiconducting or metallic.

Mechanical properties of the SWCNTs are quite

remarkable: their elastic modulus is typically above

1 TPa, and they can undergo very large non-uniform
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(even highly localized) reversible deformations. With

an exception of the nanotubes ends, and the location of

topological defects (e.g. 7-5-5-7 and Stone-Wales

defects), SWCNTs are generally not very reactive.

MWCNTs are generally produced during thermal

decomposition of gaseous carbon precursors such as

methane. Due to a weak inter-wall bonding, MWCNTs

have generally inferior mechanical properties relative

to those of the SWCNTs. Their electrical properties are

similar to those of the SWCNTs, but they could not be

easily correlated with their chirality. Chemical proper-

ties of MWCNTs are dominated by the structure of

their outer wall and are, hence, similar to the ones of

the corresponding SWCNTs.

While carbon nanotubes have been perceived as

having a great potential in many critical applications

(e.g. field-emission flat-panel displays [2]), novel

microelectronic devices (e.g. [3]), hydrogen storage

devices (e.g. [4]), structural reinforcement agents (e.g.

[5]), and chemical and electrochemical sensors (e.g.

[6]), the lack of control of their purity and diameter,

length, and chirality distributions during fabrication

is a major current obstacle to their full utilization.

During fabrication of the carbon nanotubes, other

materials such as carbon onions and turbostratic/amor-

phous graphite are also generally produced. Many

techniques (e.g. oxidation) have been proposed for

separation of the carbon nanotubes from the unwanted

byproducts. However, a method is currently lacking

for separation of the carbon nanotubes according to

their diameter and/or chirality, the key geometrical

and structural parameters which control electronic

properties of these materials.

Recently, a new approach for carbon nanotube

separation and purification has been demonstrated

[7]. The method is based on non-covalent sidewall

functionalization (attachment of the functional

groups/molecules on the outer wall) of SWCNTs

and MWCNTs with p-conjugated poly(p-phenyle-

nevinylene-co-2,5-dioctoxy-m-phenylenevinylene)

(PmPV-co-DOctOPV) polymer. Pristine carbon nano-

tubes,despite their hydrophobic character, are found not

to be soluble in non-polar solvents such as toluene.

However, after functionalization with the PmPV-co-

DOctOPV, carbon nanotubes become soluble and can

be ‘‘permanently’’ suspended in toluene. While the

solubilization of carbon nanotubes through sidewall

functionalization can be achieved in many different

ways, it is critical that functionalization is of a non-

covalent character so that the electronic characteristics

of the carbon nanotubes (governed by their sp2 hybri-

dization) are not altered.

p-Conjugated polymers, also known as semicon-

ducting polymers, are characterized by alternating

single and double bonds between carbon atoms along

the polymer backbone. The p-conjugated polymer

with the simplest chemical structure is polyacetylene

(the backbone structure: –C¼C–C¼C–C¼C). Since

the energy of the p-electrons in double bonds is much

higher than the energy of the electrons in single bonds,

electrons can easily move from one double bond to

the adjacent single bond making the p-conjugated

polymers one-dimensional organic semiconductors.

Consequently, p-conjugated polymers have many

interesting properties such as: (a) they can emit light,

the color of which is tailorable through modifications

in the chemical structure; (b) they can generate electric

current upon absorbing light, and hence can be used in

photovoltaic devices; and (c) as in other semiconduc-

tors, the conductivity in p-conjugated polymers can be

modified by varying the level of doping. In general,

the doping level depends on the oxidation state of the

polymer, which can be electrochemically controlled.

When the oxidation level is varied by the application

of electrical potential, many of the materials pro-

perties change, such as; volume (leads to the use of

p-conjugated polymers in actuator applications), color

(leads to the application of these materials in electro-

chromic windows and displays), mechanical pro-

perties, and hydrophobicity. The presence of double

bonds makes p-conjugated polymers very reactive

and, hence, suitable for functionalization of the carbon

nanotubes through pz–pz electron interactions between

the polymers and the outer walls of the nanotubes.

In a series of papers, Blau and co-workers [7–16]

carried out a detailed experimental and computational

investigation of solubilization of the SWCNTs and

MWCNTs (sidewall) functionalized with PmPV-DOc-

tOPV in toluene. Their atomistic simulation results

showed that the backbone of the PmPV-DOctOPV

molecule adopts a relatively flat helical structure

which is governed by the m-phenylene linkage.

van der Waals interactions between the octyloxy

groups, on the other hand, cause these groups to

project outwards from the helical structure. This

PmPV-DOctOPV conformation is shown to promote
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adhesion of these molecules to the nanotubes and,

hence, is believed to play a critical role in the nano-

tubes solubilization process. While the work of Blau

and co-workers [7–16] has resulted in a major

improvement of our understanding of nanotubes solu-

bilization with sidewall functionalization, two impor-

tant points were not addressed in their work: (a) why

hydrophobic nanotubes are not soluble in non-polar

solvents like toluene; and (b) what is the role of the

solvent in nanotubes solubilization by sidewall func-

tionalization. The problem of a lack of solubilization

of carbon nanotubes in toluene has been address in our

recent paper [17]. It was found that the introduction of

carbon nanotubes into toluene gives rise to a major

reorganization of the toluene molecules surrounding

the nanotubes. The associated decrease in the config-

urational entropy of toluene causes the solvation

Gibbs free energy to become positive rendering the

suspension of carbon nanotubes in toluene, obtained

by processes such as the sonication of carbon nanotube

bundles in toluene, unstable. In the present work, we

use atomistic simulations to investigate the interac-

tions between different PmPV-DOctOPV conforma-

tions and SWCNTs in vacuum and in toluene in order

to examine the role of toluene in functionalization-

assisted nanotubes solubilization. While chirality of

the SWCNTs can generally play a role, the results

obtained in the present work show that the chirality

effect is relatively small. Hence, only the results

pertaining to armchair metallic (10,10) SWCNTs

are presented in this paper.

The organization of the paper is as follows: a brief

overview of the PmPV-DOctOPV conformations,

the computational cell, the computational method,

and the inter-atomic forcefield potentials used in the

present work are presented in Section 2. The main

results obtained in the present work are presented and

discussed in Section 3, while the key conclusions

resulted from the present study are summarized in

Section 4.

2. Computational procedure

2.1. PmPV-DOctOPV conformations

As shown in Fig. 1, PmPV-DOctOPV is a p-con-

jugated polymer and is a substituted form of the

poly(p-phenylenevinylene) (PPV) with an added dihe-

dral angle that helps the PmPV-DOctOPV polymer

chains spiral into a helical structure. In sharp contrast,

the PPV chains are essentially linear with a slight

twist along the chain backbone. Molecular mechanics

calculations [18] showed that the PmPV-DOctOPV

helix structure appears in two distinct low energy

configurations in vacuum: (a) an �1.8 nm diameter

helical configuration with an �0.6 nm pitch which

involves five PmPV-DOctOPV monomers per helix

turn and (b) an �0.9 nm diameter configuration with

an �0.9 nm pitch based on four PmPV-DOctOPV

monomer units per helix turn. The monomer energy

in the larger diameter (generally referred to as the

‘‘loose’’ PmPV-DOctOPV) configuration is found to

be lower by �0.88 kJ/mol than the corresponding

quantity in the smaller diameter (generally referred

to as the ‘‘tight’’ PmPV-DOctOPV). While this

energy difference is relatively small, interactions

between the adjacent octyloxy side-groups, which

are more pronounced in the loose PmPV-DOctOPV,

further reduces the energy of this configuration rela-

tive to that in the tight PmPV-DOctOPV by �7.5 kJ/

mol. In both cases, the helical conformation of the

PmPV-DOctOPV is such that a fairly unhindered

access to the aromatic rings of the chain backbone

is allowed. Optimized molecular structures of the

loose and the tight PmPV-DOctOPV conformations

[18] showed that the interior of the helixes is not

hollow, but rather contains octyloxy side groups. This

finding suggests that the mechanism for carbon nano-

tubes solubilization by simple wrapping of the PmPV-

DOctOPV molecules around the nanotubes during

sonication of carbon nanotube containing powder

in a PmPV-DOctOPV-toluene solution [19] may

not be based on the energetically most favorable

conformation of the PmPV-DOctOPV. Nevertheless,

sonication-assisted formation of the strained PmPV-

DOctOPV helixes cannot be excluded. As mentioned

earlier, computational investigations carried out by

Blau and co-workers [7–16] showed that the back-

bone of PmPV-DOctOPV molecules in the vicinity of

SWCNTs in vacuum adopts a relatively flat helical

structure.

Based on the discussion presented in this section,

the following three PmPV-DOctOPV conformations

have been chosen for use in present atomistic model-

ing work; (a) loose, (b) tight, and (c) flat.
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2.2. Computational cell

Computation of the loose, tight, and flat helical

PmPV-DOctOPV conformations in the presence of

a single (10,10) SWCNT in vacuum is carried out

using rectangular computation cells whose dimen-

sions in the three principal directions are given in

Table 1. Also given in Table 1 are the numbers of

atoms in the computational cells in each case.

Computations involving the loose, tight, and flat

PmPV-DOctOPV conformations in the presence of a

SWCNT suspended in toluene are also carried out

using rectangular computational cells whose dimen-

sions and the numbers of atoms involved are also listed

in Table 1.

Also given in Table 1 are the dimensions and the

numbers of atoms in the unit cells used to compute the

energies of the three PmPV-DOctOPV conformations

in vacuum and in toluene (in the absence of

SWCNTs), as well as the dimensions and the numbers

of atoms in the unit cell used to compute the energy of

a SWCNT in vacuum and in toluene. These values

were needed during the calculation of the PmPV-

DOctOPV/SWCNT/toluene binding energies.

Periodic boundary conditions are applied in all

cases in all three principal directions, with the axis

of a (10,10) SWCNT aligned in the z-direction and

placed in the center of the computational cell. Thus,

the SWCNT is considered as infinitely long and the

end-effects associated with its hemispherical caps are
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Fig. 1. Chemical structures of: (a) poly(p-phenylenevinylene) (PPV) and (b) transoidal (trans), and (c) cisoidal (cis) forms of the poly-

(p-phenlyenevinylene-co-2,5-dioctoxy-m-phenylenevinylene) (PmPV-DOctOPV) monomers.
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neglected. The end effects are generally considered

to play a minor role in the SWCNT solubilization

process due to a very large (ca. 100–1000) length-to-

diameter aspect ratio in SWCNTs. The lengths of

the computational cell in the x- and y-directions are

sufficiently large that the interactions between the

SWCNTs in the adjacent cells can be neglected.

2.3. Computational method

Interactions of different conformations of PmPV-

DOctOPV with a single (10,10) SWCNT in vacuum

and in toluene solvent, discussed in the previous

section, are modeled using classical molecular

dynamics simulations in the microcanonical (NVE)

ensemble. To ensure stability of the simulations and

energy conservation, a constant time step of 0.2 fs is

used for numerical integration of the equations of

motion.

After placing the nanotube, PmPV-DOctOPV and

toluene molecules into the computational cell, the

canonical (NVT) molecular simulations are first car-

ried out for 5 ps until the system is equilibrated at a

desired temperature of 295 K. Temperature control is

achieved by velocity scaling which was carried out

every 1 fs. Once the system is equilibrated, micro-

canonical (NVE) simulations are carried out for addi-

tional 5 ps and the data colleted for computation of the

average system properties.

2.4. Forcefield

While accurate simulations of a system of interact-

ing particles generally entail the application of quan-

tum mechanical techniques, such techniques are

computationally quite expensive and are usually fea-

sible only in systems containing up to few hundreds of

interacting particles. In addition, the main goal of

simulations of the systems containing a large number

of particles is generally to obtain the systems’ bulk

properties which are primarily controlled by the loca-

tion of atomic nuclei and the knowledge of the elec-

tronic structure, provided by the quantum mechanic

techniques, is not critical. Under these circumstances,

a good insight into the behavior of a system can be

obtained if a reasonable, physically-based approxima-

tion of the potential (forcefield) in which atomic nuclei

move is available. Such a forcefield can be used to

generate a set of system configurations which are

statistically consistent with a fully quantum mechan-

ical description.

As stated above, a crucial point in the atomistic

simulations of multi-particle systems is the choice

of the forcefields which describe, in an approximate

manner, the potential energy hyper-surface on

which the atomic nuclei move. In other words, the

knowledge of forcefields enables determination of the

potential energy of a system in a given configuration.

Since currently, a relatively large number of different

Table 1

Lattice parameters and numbers of atoms involved in different atomistic simulations carried out in the present work

Model Computational cell Number of atoms

a (nm) b (nm) c (nm)

SWCNT 6.0 6.0 1.955 320

SWCNT þ toluene 6.315 6.315 1.955 6,710

Loose PmPV-DOctOPV 6.000 6.000 1.955 1170

Tight PmPV-DOctOPV 6.000 6.000 1.955 624

Flat PmPV-DOctOPV 6.000 6.000 1.955 156

Loose PmPV-DOctOPV þ SWCNT 6.000 6.000 1.955 1,490

Tight PmPV-DOctOPV þ SWCNT 6.000 6.000 1.955 944

Flat PmPV-DOctOPV þ SWCNT 6.000 6.000 1.955 476

Loose PmPV-DOctOPV þ toluene 7.049 6.246 1.955 7,560

Tight PmPV-DOctOPV þ toluene 6.876 6.246 1.955 7,014

Flat PMPV-DOctOPV þ toluene 6.286 6.286 1.955 6,546

Loose PmPV-DOctOPV þ SWCNT þ toluene 9.160 9.160 1.955 14,270

Tight PmPV-DOctOPV þ SWCNT þ toluene 9.101 9.101 1.955 13,724

Flat PmPV-DOctOPV þ SWCNT þ toluene 8.829 8.829 1.955 13,256
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forcefield formalisms is being used, a brief overview

of the approach used in the present work is given in

this section.

In general, the potential energy of a system of

interacting particles can be expressed as a sum of

the valence (or bond), Evalence, cross-term, Ecross-term,

and non-bond, Enon-bond, interaction energies as:

Etotal ¼ Evalence þ Ecross-term þ Enon-bond (1)

The valence energy generally includes a bond

stretching term, Ebond, a two-bond angle term, Eangle,

a dihedral bond-torsion term, Etorsion, an inversion

(or an out-of-plane interaction) term, Eoop, and a

Urey–Bradlay term (involves interactions between

two atoms bonded to a common atom), EUB, as:

Evalence ¼ Ebond þ Eangle þ Etorsion þ Eoop þ EUB (2)

A schematic explaining the first four types of

valence atomic interactions is given in Fig. 2. The

cross-term interacting energy, Ecross-term, accounts for

the effects such as bond lengths and angles changes

caused by the surrounding atoms and generally

includes: stretch–stretch interactions between two

adjacent bonds, Ebond–bond, stretch–bend interactions

between a two-bond angle and one of its bonds,

Ebond–angle, bend–bend interactions between two

valence angles associated with a common vertex

atom, Eangle–angle, stretch–torsion interactions

between a dihedral angle and one of its end bonds,

Eend_bond–torsion, stretch–torsion interactions between a

dihedral angle and its middle bond, Emiddle_bond–torsion,

bend-torsion interactions between a dihedral angle and

one of its valence angles, Eangle–torsion, and bend–

bend–torsion interactions between a dihedral angle

and its two valence angles, Eangle–angle–torsion, terms as:

Ecross-term ¼ Ebond�bond þ Eangle�angle þ Ebond�angle

þ Eend bond�torsion þ Emiddle bond�torsion

þ Eangle�torsion þ Eangle�angle�torsion (3)

The non-bond interaction term, Enon-bond, accounts

for the interactions between non-bonded atoms and

includes the van der Waals energy, EvdW, the Coulomb

electrostatic energy, ECoulomb, and the hydrogen bond

energy, EH-bond, as:

Enon-bond ¼ EvdW þ EColumb þ EH-bond (4)

Inter- and intra-molecular atomic interactions in the

PmPV-DOctOPV þ SWCNT þ toluene system

described in the previous section are modeled using

condensed-phased optimized molecular potential for

atomistic simulation studies (COMPASS), the first ab

initio forcefield that enables an accurate and simulta-

neous prediction of various gas-phase and condensed-

phase properties of organic and inorganic materials

[20–22]. The COMPASS forcefield uses the following

expression for various components of the potential

energy:

Ebond ¼
X

b

½K2ðb � b0Þ2 þ K3ðb � b0Þ3

þ K4ðb � b0Þ4� (5)

Fig. 2. A schematic of the: (a) stretch; (b) angle; (c) torsion; and (d) inversion valence atomic interactions.
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Eangle ¼
X
y

½H2ðy� y0Þ2 þ H3ðy� y0Þ3

þ H4ðy� y0Þ4� (6)

Etorsion ¼
X
f

½V1½1 � cosðf� f0
1Þ�

þ V2½1 � cosð2f� f0
2Þ�

þ V3½1 � cosð3f� f0
3Þ�� (7)

Eoop ¼
X

x

Kxw2 (8)

Ebond�bond ¼
X

b

X
b0

Fbb0 ðb � b0Þðb0 � b0
0Þ (9)

Eangle�angle ¼
X
y

X
y0

Fyy0 ðy� y0Þðy0 � y0
0Þ (10)

Ebond�angle ¼
X

b

X
y

Fbyðb � b0Þðy� y0Þ (11)

Eend bond�torsion

¼
X

b

X
f

Fbfðb � b0Þ


 ½V1 cosfþ V2 cos 2fþ V3 cos 3f� (12)

Emiddle bond�torsion

¼
X

b0

X
f

Fb0fðb0 � b0
0Þðb0 � b0

0Þ


 ½F1 cosfþ F2 cos 2fþ F3 cos 3f� (13)

Eangle�torsion ¼
X
y

X
f

Fyfðy� y0Þ½V1 cosf

þ V2 cos 2fþ V3 cos 3f� (14)

Eangle�angle�torsion ¼
X
f

X
y

X
y0

Kfyy0 cosfðy� y0Þ


 ðy0 � y0
0Þ (15)

ECoulomb ¼
X
i>j

qiqj

erij

(16)

EvdW ¼
X
i>j

Aij

r9
ij

� Bij

r6
ij

" #
(17)

where b and b0 are the bond lengths, y the two-bond

angle, f the dihedral torsion angle, w the out of plane

angle, q the atomic charge, e the dielectric constant, rij

the i–j atomic separation distance. b0, Ki (i ¼ 2�4),

y0, Hi (i ¼ 2�4), f0
i (i ¼ 1�3), Vi (i ¼ 1�3) Fbb0, b0

0,

Fyy0, y0
0, Fby, Fbf, Fb0f, Fi (i ¼ 1�3), Fyf, Kfyy0, Aij,

and Bij are the system dependent parameters imple-

mented into discover [20], the atomic simulation

program used in the present work.

3. Results and discussion

3.1. PmPV-DOctOPV conformations

3.1.1. PmPV-DOctOPV conformations in vacuum

Atomistic simulations carried in the present work

yielded the loose, tight, and flat PmPV-DOctOPV

conformations in vacuum. However, the correspond-

ing atomic configurations are not shown here for two

reasons; (a) these results are very similar to their

counterparts reported in refs. [8,18], (b) these results

are also very similar to the PmPV-DOctOPV confor-

mations in the vicinity of a SWCNT in vacuum

discussed in the next section.

3.1.2. PmPV-DOctOPV þ SWCNT conformations

in vacuum

Snapshots of the loose, tight, and flat PmPV-

DOctOPV conformations in the vicinity of a SWCNT

in vacuum are shown in Figs. 3–5, respectively. In each

case, the molecular configuration shown in part (a) of a

figure is associated with a view along the nanotube

axis while the molecular configuration displayed in

part (b) of the same figure corresponds to a view

normal to the nanotube axis. To improve clarity of

the ball-and-stick (atom-and-bond) molecular config-

urations shown in Figs. 3–5, carbon atoms in the

PmPV-DOctOPV are shown as gray spheres, oxygen

atoms as bright larger spheres while hydrogen atoms

are not displayed and instead only the bonds involving

hydrogen atoms are shown. Carbon atoms in the

SWCNT are not shown and instead only carbon–

carbon bonds are displayed as solid lines.

While the details of the molecular configurations

shown in Figs. 3–5 differ for different PmPV-DOc-

tOPV conformations, few common features can be

established: (a) in all cases, the PmPV-DOctOPV

conformation exposes the polymer backbone to the

SWCNT wall; (b) some of the octyloxy groups tend to

wrap around the nanotube; and (c) the remaining

octyloxy groups tend to project outward from the

SWCNT.
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3.1.3. PmPV-DOctOPV conformations in toluene

Toluene (C6H5CH3) is the simplest alkyl benzene,

the methylbenzene, in which one of the hydrogen

atoms in the benzene (C6H6) is replaced by a methyl

group (CH3). At room temperature, toluene is in

liquid state. The geometrically optimized structure

of toluene along with the atomic charges is shown

in Fig. 6. Atomistic simulations carried in the

present work yielded the loose, tight, and flat

PmPV-DOctOPV conformations in toluene. How-

ever, the corresponding atomic configurations are

not shown here because they are very similar to the

corresponding PmPV-DOctOPV conformations in

vacuum.

Fig. 3. Loose PmPV-DOctOPV conformation near a (10,10) SWCNT: (a) a view along the SWCNT axis and (b) a view normal to the SWCNT

axis.
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3.1.4. PmPV-DOctOPV þ SWCNT conformations

in toluene

Snapshots of the loose, tight, and flat PmPV-DOc-

tOPV conformations in the vicinity of a SWCNT in

toluene are shown in Figs. 7–9, respectively. To

enhance clarity of the atomistic configurations shown

in these figures, the following is done: (a) toluene

molecules are displayed using a small-size ball-and-

stick representation; (b) a large-size ball-and-stick

representation is used to display the PmPV-DOctOPV

molecules and the SWCNTs; (c) only a central portion

of the unit cell is displayed in each case; and (d) only

views along the nanotube axis are shown in Figs. 7–9.

A visual examinations of the atomistic configura-

tions shown in Figs. 7–9 and their comparison with

the atomistic configurations displayed in Figs. 3–5

suggests that the presence of toluene does not have a

major effect of the conformation of PmPV-DOctOPV

near the SWCNTs. However, a comparison of the

toluene structure surrounding the SWCNT in

Figs. 7–9 with the one observed in the absence

of PmPV-DOctOPV (the results given in our recent

Fig. 4. Tight PmPV-DOctOPV conformation near a (10,10) SWCNT: (a) a view along the SWCNT axis and (b) a view normal to the SWCNT

axis.
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work [17]), shows that PmPV-DOctOPV disrupts the

reorganization of the toluene molecules around the

SWCNTs. This finding suggests that the presence

of PmPV-DOctOPV gives rise to an increase in the

configurational entropy of the toluene in the region

surrounding the SWCNTs.

3.2. PmPV-DOctOPV-assisted solubilization of

the SWCNTs

3.2.1. Interactions between the PmPV-DOctOPV

and the SWCNTs in vacuum

In order to reveal the role of toluene in solubiliza-

tion process of the SWCNTs functionalized with

PmPV-DOctOPV, the binding energy between a

PmPV-DOctOPV molecule and a SWCNT is first

computed using the following relation:

Ebind ¼ EPmPVþSWCNT � ESWCNT � EPmPV (18)

where the subscripts bind, PmPVþSWCNT, SWCNT,

and PmPV are used to denote the binding, PmPV-

DOctOPV þ SWCNT complex, SWCNT, and PmPV-

DOctOPV energies, respectively. Eq. (18) is used

to compute Ebind for all three conformations of the

PmPV-DOctOPV and the results expressed with

respect to a single monomer of the PmPV-DOctOPV.

The results of this calculation are displayed in Table 2.

It is seen that the binding energy is negative for all

Fig. 5. Flat PmPV-DOctOPV conformation near a (10,10) SWCNT: (a) a view along the SWCNT axis and (b) a view normal to the SWCNT

axis.
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three conformations of the PmPV-DOctOPV. Thus,

based on the energy consideration only, each of the

three PmPV-DOctOPV conformations is attracted to

the SWCNTs in vacuum. In addition, in full agreement

with the calculations of in het Panhuis et al. [8], the flat

conformation is the most stable in the presence of the

SWCNTs. Contrary, this conformation is the least

stable when present in the form of isolated molecules

in vacuum.

3.2.2. Interactions between the PmPV-DOctOPV and

the SWCNTs in toluene

The results presented in the previous section sug-

gest that PmPV-DOctOPV in any of the three con-

formations is attracted to the SWCNTs in vacuum.
Fig. 6. Geometrically optimized structure of a toluene molecule

and the corresponding atomic charges.

Fig. 7. Loose PmPV-DOctOPV conformation near a (10,10) SWCNT in toluene. A view along the SWCNT axis.

Table 2

Energy values obtained during computation of the binding energy between PmPV-DOctOPV and SWCNT in vacuum

Energy (kJ/mol) PmPV-DOctOPV

conformation

Energy (kJ/mol) Binding energy (kJ/mol)

monomer PmPV-DOctOPVSWCNT
PmPV-DOctOPV PmPV-DOctOPV þ SWCNT

68,515.2 Loose �2,059.4 66,034.4 �28.1

68,515.2 Tight �701.0 67,449.3 �45.6

68,515.2 Flat �154.7 68,109.3 �125.6
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This finding is sometimes used to explain why

the presence of PmPV-DOctOPV promotes solubili-

zation of the SWCNTs in toluene. However, toluene

may affect the binding energy between the PmPV-

DOctOPV and the SWCNTs and hence, its role in the

toluene in solubilization of the SWCNTs functiona-

lized with PmPV-DOctOPV must be considered.

To properly model the process of solubilization of

the SWCNTs functionalized with PmPV-DOctOPV in

toluene and, in particular, the stability of the resulting

homogeneous suspension (obtained via processes such

as the sonication of the PmPV-DOctOPV and carbon

nanotube bundles in toluene), an energy change

accompanying the potential decomposition of the

suspension is computed. Toward that end, the energy

of unit cell containing a SWCNT, a PmPV-DOctOPV

and toluene is first calculated. The values obtained

for the three PmPV-DOctOPV conformations (given

in the fourth column in Table 3) are then taken to

represent the energy level of the SWCNT þ PmPV-

DOctOPV þ toluene system in a well-sonicated state.

Next, the SWCNTs are assumed to fall out of the

suspension yielding a heterogeneous solution in which

PmPV-DOctOPV is still well dispersed, but separated

from the SWCNTs. Initially as this suspension decom-

position process takes place, the SWCNTs which have

fallen out of the solution fall to the bottom of the

solution container but remain well separated. There-

fore, the suspension in its decomposed state is con-

sidered to consist of well-separated PmPV-DOctOPV

molecules and well separated (un-functionalized)

SWCNTs. The energy of the suspension in this state

is been calculated using the unit cell containing

PmPV-DOctOPV þ toluene and the one containing

SWCNTs þ toluene (the results are given in columns

1 and 3 in Table 3).

The difference in the energy of the suspension in its

decomposed and its fully homogenized states,

expressed per one monomer of the PmPV-DOctOPV,

is given in the last column in Table 3 and is a measure

of tendency of the suspension to decompose. Since

these values are positive for all three conformations of

the PmPV-DOctOPV, the suspension of SWCNTs

functionalized with PmPV-DOctOPV in toluene has

a lower energy and can be considered, on an energy

basis, as stable. Also, the results given in Tables 2 and

3 suggest that the flat conformation of the PmPV-

DOctOPV gives rise to the largest stability of a well

homogenized SWCNT þ PmPV-DOctOPV þ toluene

suspension with respect to a phase separation (decom-

position).

As discussed above, as the SWCNT þ PmPV-

DOctOPV þ toluene suspension undergoes a de-

composition, the SWCNTs fall to the bottom of the

container. Consequently there is some possibility for

Fig. 8. Tight PmPV-DOctOPV conformation near a (10,10)

SWCNT in toluene. A view along the SWCNT axis.

Fig. 9. Flat PmPV-DOctOPV conformation near a (10,10) SWCNT

in toluene. A view along the SWCNT axis.
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re-assemble of the SWCNTs into bundles at the

bottom of the container. Due to limitations of the

computational resources available for the present

work, only a cluster consisting of three SWCNTs

suspended in toluene is analyzed. However, this is

not considered as a major limitation since the con-

centration of the SWCNTs in toluene is generally very

small (typically less than 1 wt.%) and, hence, one does

not expect formation of very large SWCNT clusters at

the bottom of the container. Optimized atomistic

structures of a three-SWCNT cluster in toluene is

shown in Fig. 10. The energy change associated with

decomposition of a homogenized suspension of

SWCNTs functionalized with PmPV-DOctOPV in

toluene into a suspension of the PmPV-DOctOPV in

toluene and a suspension of the three-SWCNT clusters

suspended in toluene is computed using a procedure

analogous to the one described above. The values

obtained are given in Table 4. The results given in

Table 4 shows that the energy changes associated with

Table 3

Energy values obtained during computation of the energy change accompanying the separation of single SWCNTs from a homogenized

SWCNT þ PmPV-DOctOPV þ toluene suspension

Energy (kJ/mol) PmPV-DOctOPV

conformation

Energy (kJ/mol) Energy change (kJ/mol)

monomer PmPV-DOctOPVSWCNT þ toluene
PmPV-DOctOPV

þ toluene

PmPV-DOctOPV þ
SWCNT þ toluene

49,259.7 Loose �22,936.1 26,005.8 21.18

49,259.7 Tight �20,946.0 28,084.5 28.65

49,259.7 Flat �20,482.0 28,692.6 42.55

Fig. 10. Optimized atomistic configuration of a three-SWCNT cluster in toluene.
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decomposition of the suspension are positive for all-

three conformations of the PmPV-DOctOPV. Thus, a

suspension of the SWCNTs functionalized with

PmPV-DOctOPV in toluene can be considered as

stable even with respect to formation of SWCNT

clusters. Less positive values of the decomposition

energies in the case of three-SWCNT clusters

(Table 4), relative to the corresponding values for

the single SWCNTs, (Table 3) can be attributed to

the inter-nanotube binding energy.

A comparison of the corresponding results shown in

Tables 3 and 4 suggests that the suspension becomes

less stable as the number of SWCNTs in the clusters

increases. While one may speculate that the suspen-

sion may become unstable with respect to a decom-

position into large SWCNT clusters, it should be noted

that the initial stage of decomposition of a SWCNT þ
PmPV-DOctOPV þ toluene suspension is dominated

formation of the well-separated single SWCNTs for

which the decomposition energy is positive. Thus, this

suspension can be generally considered as stable,

which is in full agreement with the experimental

observations (e.g. [9]).

4. Conclusions

Based on the results obtained in the present work,

the following main conclusions can be drawn:

1. A toluene suspension of the SWCNTs (sidewall)

functionalized with PmPV-DOctOPV is stable

with respect to separation of the SWCNTs and

hence can be used for decomposition of the

nanotube clusters into individual SWCNTs.

2. Between the loose, tight, and flat conformations of

PmPV-DOctOPV, the flat one is the most stable

when used for sidewall functionalization of the

SWCNTs in both vacuum and toluene.

3. The flat conformation of the PmPV-DOctOPV is

the least stable conformation in both vacuum and

toluene when the PmPV-DOctOPV is present as

isolated molecules.
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